The medicinal orchid genus Dendrobium belonging to the Orchidaceae family is the largest genera comprising about 800-1500 species. To better illustrate the species status in the genus Dendrobium, a comparative analysis of 33 newly sequenced chloroplast genomes were retrieved from NCBI Refseq database and compared with that of the first complete chloroplast genome of D. nobile from Northeast India based on next-generation sequencing methods (HighSeq with 150*2 and Illumina NextSeq500). Our results provide comparative chloroplast genomic information for taxonomical identification, alignment-free phylogenomic inference and other statistical features of Dendrobium plastomes, which can also provide valuable information on their mutational events and sequence divergence.
genome sequences are useful in investigating the maternal inheritance in plants, especially those with polyploid species, owing to their high gene content and conserved genome structure [5,6 & 7] . The advent of High-throughput sequencing technologies has enabled a rapid increase in the completion of cp genomes with faster and cheaper methods to sequence organellar genomes [8, 9] . At the time of writing this manuscript, chloroplast genomes from 33 Dendrobium species have been reported as per NCBI Organellar genome records (https://www.ncbi.nlm.nih.gov/genome/browse#!/organelles/dendrobium). Dendrobium plastomes, which can also provide valuable information on their mutational events and sequence divergence. The availability of the complete cp genome sequences of these species in the genus Dendrobium will benefit future phylogenetic analyses and aid in germplasm utilization of these plants.
Of the many highly prized medicinal plants in the genus

Materials and Methods
Sample collection, DNA extraction and sequencing
Fresh leaves from D. nobile were collected growing in the greenhouse of National Research Centre for Orchids, Sikkim, Northeast India and voucher specimen was deposited in Botanical Survey of India as well as in the Department of Botany, North Eastern Hill University, Shillong. The high molecular weight cp DNA was extracted using a modified CTAB buffer, and treated according to a standard procedure for next generation sequencing on Illumina NextSeq500 (Illumina, USA). The quality and quantity of the genomic DNA was assessed through agarose gel electrophoresis, Nanodrop and Qubit detection method. The experiments included both paired-end and matepair libraries. Tagmentation was carried out with ~4ug of Qubit quantified DNA and the tagmented sample was washed using AMPURE XP beads (Beckman Coulter #A63881) and further exposed to strand displacement. The strand-displaced sample of 2-5kb and 8-13kb gel size was selected and taken for overnight circularization. The linear DNA was digested using DNA Exonuclease. Subsequently the circularized DNA molecules were sheared using Covaris microTUBE, S220 system (Covaris, Inc., Woburn, MA, USA) for obtaining fragments in the range 300 to 1000bp. M280 Streptavidin beads (ThermoFisher Scientific, Waltham, MA) was used to cleanse the sheared DNA fragments with biotinylated junction adapters. Further the bead-DNA complex was subjected to End repair, A-Tailing and Adapter ligations.
Data processing
The data quality assessment for the Illumina WGS raw reads was carried out using FastQC tool. Perl scripts were written for adapter clipping and low quality filtering. Cp genomes of D. officinale, D. huoshanense and D. strongylanthum were retrieved from NCBI-Refseq database and used as reference. BWA-MEM algorithm with default parameter settings was used for aligning the adapter clipped and low quality trimmed processed reads with the Dendrobium cp genomes [10] . SPAdes-3.6.0 program was used for k-mer based (k-mer used 21, 33, 55 and 77) de-novo assembly with the aligned reads and the quality of the assembled genome was gauged using Samtools and Bcftools (read alignment and genome coverage calculation) [11] . (https://samtools.github.io/bcftools/bcftools.html).
Genome annotation and codon usage
Basic Local Alignment Search Tool (BLAST; BLASTN, PHI-BLAST and BLASTX) [12] , CGAP [13] and Dual Organellar GenoMe Annotator (DOGMA) [14] was used to annotate protein-coding and ribosomal RNA genes. The boundaries of each annotated gene with putative start, stop, and intron positions were manually determined by comparison with homologous genes from other orchid chloroplast genomes. Further tRNA genes were predicted using tRNAscan-SE [15] and ARAGORN [16] . RNA editing sites in the proteincoding genes of D. nobile were predicted using Plant RNA Editing Prediction & Analysis Computer Tool (PREPACT) (http://www.prepact.de). For this analysis, the BLAST E-value cutoff was set to 0.08. The circular genome maps were drawn in CLC Genomics Workbench followed by manual modification. The sequencing data and gene annotation were submitted to GenBank with accession number KX377961. MEGA 7 was used to analyze and calculate GC content, codon usage, nucleotide sequence statistics and relative synonymous codon usage (RSCU) [17] .
Simple sequence repeats analysis
MISA (http://pgrc.ipk-gatersleben.de/misa/misa.html), a tool for the identification and location of perfect microsatellites and compound microsatellites was used to search for potential simple sequence repeats (SSRs) loci in the cp genomes of all the Dendrobium species. The threshold point for SSRs identification was set to 10, 5, 4, 3, and 3 for mono-, di-, tri-, tetra-, and penta-nucleotides SSRs, respectively. All of the repeats found were manually curated and the redundant ones were removed. 
Phylogenetic reconstruction with whole genome alignment and rearrangement analysis
Single Nucleotide Polymorphism identification and phylogenetic analysis without genome alignment
Phylogenetic tree was constructed based on the Single Nucleotide Polymorphisms (SNPs) identified in the whole chloroplast genomes using kSNP3.0 with default settings except for kmer size [20] . SNPs were identified with k-mer size set to 23 based on which approximately 79% of the k-mers generated from median-length genome were unique.
Results and Discussion
Genome organization and features
The complete cp genome of D. nobile was determined from the generated data out of a whole 
Comparison with other chloroplast genomes within the genus Dendrobium
Thirty-four chloroplast genomes from different species representing the genus Dendrobium were compared with each other ( Table 2 ). The length of the Dendrobium species cp genomes Differences in the cp genome size of these species are primarily due to the variations in the length of LSC, SSC and IR regions. Synteny comparison revealed a lack of genome rearrangement and inversions, thereby, substantiating for the highly conserved nature in the genomic structure, including gene number and gene order in these cp genomes. However, structural variation was predominant in the LSC/IR/SSC boundaries (Fig. 2) , which could be harnessed for predicting potential biomarkers for species identification.
IR regions are generally considered to be highly conserved regions in the chloroplast genome. In the evolutionary ladder, SSC and IR border regions experience expansion and contraction that overall contribute to the variation in chloroplast genome length [21, 22] .
Thus, the positions of LSC/IRA/SSC/IRB borders were examined in the overall alignment of Dendrobium whole cp genomes and all of them were found to have similar structures at the IR/LSC junction (Fig. 3) .
A comparative nucleotide sequence statistics (counts of annotations, AT/GC counts, nucleotide frequency in codon positions etc.) for all the Dendrobium species including representatives from outgroup are outlined in Tables 3, 4 and 5. The relative synonymous codon usage is given in parentheses following the codon frequency (averages over all taxa) involved (Table 6 ). Maximum Likelihood analysis of natural selection codon-by-codon was carried out. For each codon, estimates of the numbers of inferred synonymous (s) and nonsynonymous (n) substitutions are presented along with the number of sites that are estimated to be synonymous (S) and nonsyonymous (N) ( Table S1 ). These estimates were Table S2 ]. Normalized dNdS for the test statistic is obtained using the total number of substitutions in the tree (measured in expected substitutions per site). The analysis involved 38 nucleotide sequences.
Codon positions included were 1st+2nd+3rd+Noncoding and all positions containing gaps and missing data were eliminated. There were a total of 108,594 positions in the final dataset.
Characterization of simple sequence repeats
SSRs were identified in MISA perl scripts with a minimum of 10 bp repeats among all the Dendrobium species. Of all the SSRs, the mononucleotide A/T repeat units occupied the highest proportion. A higher proportion of di-, tri-repeats are reported rather than tetra-and penta-nucleotide repeats across Dendrobium cp genomes (Fig. 4) . The SSRs could be further investigated for identifying potential markers that can aid in barcoding analysis.
Phylogenetic analyses
In the present study, we employed two different approaches for phylogeny reconstruction.
First we aligned the whole cp genomes and exported the alignment matrices for creating a Bayesian tree (Fig. 5) . Two independent MCMC chains were run with first 25% of the cycles removed as burn-in, coalescence of substitution rate and rate model parameters were also examined and average standard deviation of split frequencies was carried out and generations added until the standard deviation value was lowered to 0.01. Secondly we performed a phylogenetic tree construction using an alignment free approach. In this case we identified the SNPs from the cp genomes and utilised them in constructing the phylogenetic tree (Fig.   6 ). A total of 13,839 SNPs were identified in the 38 genomes analyzed, of which 2,203 were homoplastic SNPs i.e. SNPs that do no correspond to any node in the parsimony tree. The fraction of k-mers present in all genomes is 0.482. The numbers at the nodes in the phylogenetic tree indicate the number of SNPs that are present in all of the descendants of that node and absent in others (Fig. 6) . The numbers at the tips indicate the number of SNPs unique to each particular species.
The two different methods that employed both alignment and alignment-free approach resulted in highly reliable identical phylogenetic trees within each data set. Different analyses based on the two datasets generated largely congruent topologies (Figs. 5 and 6) with Dendrobium species forming one clade and Goodyera species coming out as a outgroup.
Conclusions
This study provides the first comparative account on the complete chloroplast genome of D.
nobile from Northeast India with 33 other species from the genus Dendrobium that revealed higher sequence variation in SSC and LSC regions compared with IR regions in both coding and non-coding regions. The gene order, gene content and genomic structure were highly conserved with those of other sequenced Dendrobium species. However, IR contraction is observed within the genus and several SNPs identified from these cp genomes were quite instrumental in generating alignment-free robust phylogenetic trees that congrued with trees generated from aligned matrices of whole cp genomes. This gives an indication that the SNPs, insertions and deletions, LSC and SSC regions in the cp genomes of this medicinal orchid genus can be utilized for barcoding and biodiversity studies. Further this would augment more and more plastome sequencing of Dendrobium species that are not reported in this study.
Data Availability
The following information was supplied regarding the GenBank accession, Biosample, SRA and Bioproject pertaining to this study. The optimum kmer size for the dataset is determined that calculates FCK, a measure of diversity of sequences in the dataset (Kchooser) and a consensus of the equally most parsimonious trees are reported. The numbers at the nodes indicate the number of SNPs that are present in all of the descendants of that node and absent in others. The numbers within parentheses at the tips indicate the number of SNPs unique to each particular species. Table S1 . Maximum Likelihood analysis of natural selection codon-by-codon 
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